




Internal Energy (U): A measure of energy at a 
macroscopic level due to the molecular translation, 
vibration, rotation (an Extensive Property).  

 
Internal Energy (u) can also be expressed as an 

intensive property u=U/m (internal energy per unit 
mass). 

 
U (u) is more difficult to measure, compared to velocity 

and or height/elevation.  Hence, they are usually 
tabulated in tables – Thermodynamic Tables. 















Cycles 
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h = u+Pv

First Law of Thermodynamics for a Control Volume 







Second Law of Thermodynamics 

Alternative statements of the second law,  

Clausius Statement  
of the Second Law 

It is impossible for any 
system to operate in such 
a way that the sole result 
would be an energy 
transfer by heat from a 
cooler to a hotter body. 



Second Law of Thermodynamics 

Alternative statements of the second law,  

Kelvin-Planck Statement 
of the Second Law 

It is impossible for any 
system to operate in a 
thermodynamic cycle and 
deliver a net amount of 
energy by work to its 
surroundings while receiving 
energy by heat transfer from a 
single thermal reservoir. NO! 



Aspects of the  
Second Law of Thermodynamics 

► From conservation of mass and energy 
principles, (i.e. 1st Law of Thermodynamics) 
► mass and energy cannot be created or destroyed. 

► For a process, conservation of mass and 
energy principles indicate the disposition of 
mass and energy but do not infer whether the 
process can actually occur.   
► The second law of thermodynamics 
provides the guiding principle for whether a 
process can occur. 





Applications to Power Cycles Interacting 
with Two Thermal Reservoirs  

For a system undergoing a power cycle while 
communicating thermally with two thermal 
reservoirs, a hot reservoir and a cold reservoir, 

(Eq. 5.4) 
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the thermal efficiency of any such cycle is 



Applications to Refrigeration and Heat Pump 
Cycles Interacting with Two Thermal Reservoirs  

For a system undergoing a refrigeration cycle or heat 
pump cycle while communicating thermally with two 
thermal reservoirs, a hot reservoir and a cold 
reservoir, 

(Eq. 5.5) 
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the coefficient of performance 
for the refrigeration cycle is 

(Eq. 5.6) 
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and for the heat pump cycle is 



Maximum Performance Measures for Cycles 
Operating between Two Thermal Reservoirs 

It follows that the maximum theoretical thermal efficiency and 
coefficients of performance in these cases are achieved only 
by reversible cycles.  Using Eq. 5.7 in Eqs. 5.4, 5.5, and 5.6, 
we get respectively: 

(Eq. 5.9) 
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(Eq. 5.10) 
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(Eq. 5.11) 
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where TH and TC must be on the Kelvin or Rankine scale. 



Carnot Cycle 

► The Carnot cycle provides a specific 
example of a reversible cycle that operates 
between two thermal reservoirs.  Other 
examples are provided in Chapter 9: the 
Ericsson and Stirling cycles. 

► In a Carnot cycle, the system executing the 
cycle undergoes a series of four internally 
reversible processes:  two adiabatic 
processes alternated with two isothermal 
processes. 



Carnot Power Cycles  

The p-v diagram and schematic of a gas in a piston-cylinder 
assembly executing a Carnot cycle are shown below: 



Carnot Power Cycles  
The p-v diagram and schematic of water executing a Carnot 
cycle through four interconnected components are shown 
below: 

In each of these cases the thermal efficiency is given by 

(Eq. 5.9) 
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Entropy and Heat Transfer 

Integrating from state 1 to state 2, 

(Eq. 6.23) 

► On rearrangement, Eq. 6.2b gives 

► In an internally reversible, adiabatic process (no heat 
transfer), entropy remains constant.  Such a constant-
entropy process is called an isentropic process. 



Entropy and Heat Transfer 

    From this it follows that 
an energy transfer by 
heat to a closed system 
during an internally 
reversible process is 
represented by an area 
on a temperature-entropy 
diagram: 







Entropy Rate Balance for Control Volumes 

► Like mass and energy, entropy can be transferred into or 
out of a control volume by streams of matter. 

► Since this is the principal difference between the closed 
system and control volume entropy rate balances, the 
control volume form can be obtained by modifying the 
closed system form to account for such entropy transfer.  
The result is 

(Eq. 6.34) 

where iism eesmand account, respectively, for rates of entropy 
transfer accompanying mass flow at inlets i and exits e. 



Vapor-Compression Heat Pump Systems 

► Evaporator 
► Compressor 
► Condenser 
► Expansion valve 

► The objective of the heat pump is to maintain the 
temperature of a space or industrial process above 
the temperature of the surroundings. 

► Principal control volumes involve these components: 



Vapor-Compression Heat Pump System 

(a) compressor power, in kW,  
(b) heat transfer rate provided 

to the building, in kW,  
(c) coefficient of performance. 

Example:  A vapor-compression heat pump cycle with 
R-134a as the working fluid maintains a building at 20oC 
when the outside temperature is 5oC.  The refrigerant 
mass flow rate is 0.086 kg/s. Additional steady state 
operating data are provided in the table.  Determine the 

State 
h (kJ/kg) 

1 

244.1 

2 

272.0 

3 

93.4 

► The method of analysis for vapor-compression heat 
pumps closely parallels that for vapor-compression 
refrigeration systems. 

TC = 278 K (5oC)TH = 293 K (20oC) TC = 278 K (5oC)TH = 293 K (20oC)









I hope you’ve enjoyed the course,  
  (or at least the M&Ms) 
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 They are important. 
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 John Sullivan,    ES3001 – Sec 1   
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